Introduction
In the manufacturing industry and biotechnology, a technique for noncontact transport of small particles, such as electronic components and liquid droplets, is required. An ultrasonic noncontact transport technique can resolve most problems associated with air-pressure and magnetic systems: for example, large and complicated air compressors and tubes and the generation of undesirable magnetic field. In an acoustic standing-wave field, it is well known that objects smaller than the wavelength can be trapped at antinodes of the pressure field. Acoustic manipulation techniques have been investigated by several researchers [1] [2] [3] [4] . Kozuka et al. reported noncontact manipulation of particles in air by controlling the phase difference between two transducers [5] . We have also reported noncontact transport of small objects in air over long distances using a bending vibrator and a reflector [6] and transport in a circular trajectory [7] . Small objects can be trapped along the horizontal nodal line of an acoustic standing wave generated between a flexural vibrating plate and a reflector. By controlling the driving phase difference between two transducers attached to either side of the vibrating plate, the standing wave in air can be shifted horizontally to transport trapped objects with a step motion of an accuracy of 46 mm/deg. In this letter, high-speed unidirectional noncontact transport of small objects using a traveling-wave field is discussed. Figure 1 shows the experimental setup. It consisted of a bolt-clamped Langevin-type transducer attached to a bending vibrating plate and a reflector. A 400-mm-long, 30-mm-wide, and 1-mm-thick aluminum plate was used as a vibrating plate, and the transducer was attached 30 mm from the edge of the plate by tightening a screw to generate bending vibration along the plate. Two 40-mm-long, 30-mm-wide, and 1-mmthick lead plates were fixed one on each side of the vibrating plate at the other end by sandwiching with a vice in order to absorb the bending vibration. A 220-mm-long, 60-mm-wide, and 3-mm-thick aluminum reflector was installed parallel to the vibrating plate at a distance of 13.5 mm to generate standing wave in the vertical direction (z-direction) between the two plates.
Configration

Acoustic field between vibrating plate and reflector
The vibrational displacement amplitude distributions of the plate in the length direction (x-direction) at the center of the width and the resonance frequency of 31.6 kHz measured by a laser Doppler vibrometer are shown in Fig. 2 . The position x ¼ 70 mm corresponds to the right edge of the reflector. The maximum displacement amplitude was 3.5 mm with the input voltage of 150 V pp . Traveling bending vibration with the standing-wave ratio of approximately 3 and the propagation velocity of 600 m/s was generated along the plate. The sound pressure distribution was measured in the z-x plane at the center of the plates in the width direction (ydirection) using a probe microphone (4182, Brüel & Kjaer). Figure 3 shows the sound pressure amplitude distribution, and Fig. 4 shows the phase distributions of the sound pressure in the horizontal (x-) and vertical (z-) directions indicated as dotted lines A, B and C in Fig. 3 , respectively. The result in Fig. 4(a) implies that the traveling wave with the wavelength of 19 mm was generated in air in the horizontal direction since the phase shifts linearly. In Fig. 4(b) , the standing wave with one wavelength was generated in the vertical direction. Considering the propagation velocity v p of 600 m/s of the bending vibration along the plate and the speed of sound in air v a of 426 m/s in the vertical direction, as shown in Fig. 5 , the radiation angle on the vibrating plate can be calculated to be 55 degrees. The standing wave in the vertical direction assists the levitation of small particles and the traveling wave in the horizontal direction contributes to transport. Figure 6 shows the sound pressure amplitude and the phase distributions in the width direction. The acoustic radiation force acts on the particle toward the center of the plate and assists the particle to remain in the transport path [6] .
Noncontact transport of small object
Noncontact transport was investigated using polystyrene spheres with diameters of approximately 2 mm. A sphere was placed gently around the first nodal line using a tweezer. Just after release, the sphere accelerated in the rightward direction. Figure 7 shows the movement of the polystyrene sphere transported by the traveling wave, as observed with a highspeed video camera. Photographs taken every 10 ms are superimposed, and the sound pressure amplitude distribution shown in Fig. 3 is also shown. The noncontact transport of the polystyrene sphere with the traveling distance of approximately 100 mm between the two plates was successful. The sphere was transported along the horizontal nodal line of the Ã e-mail: dkoyama@sonic.pi.titech.ac.jp y e-mail: knakamur@sonic.pi.titech.ac.jp sound pressure, although the trajectory of transport was ascillated up and down owing to the nonuniformity of the sound field. Figure 8 shows the change in the transport speed with respect to time estimated from Fig. 7 . The transport speed of the polystyrene sphere with a mass of 0.3 mg reached the terminal speed of 410 mm/s at t ¼ 0:2 s. Now, considering the balance between the propulsion force of the traveling wave in the positive x-direction and the resistive force due to air viscosity in the negative x-direction, we can assume that the transport speed of the sphere vðtÞ is expressed as vðtÞ ¼ v 0 ð1 À expðÀt=ÞÞ, where v 0 is the terminal speed and is the time constant. The acceleration at t ¼ 0:08 s is 11.7 m/s 2 , hence the propulsion force can be estimated to be 9:0 Â 10 À7 N.
Conclusions
High-speed noncontact transport of a small object was investigated. The prototype setup consists of a transducer, a rectangular aluminum vibrating plate, a reflector, and an absorber. An acoustic standing wave in the vertical direction for the levitation of the object and a traveling wave in the horizontal direction for the transport could be generated between the two plates, and the noncontact transport of a 
